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In recent years recombination has been diacovered in bacterla
and viruses,

The two organisms in which recomblnation «ss first demonstrated
were thie colon bacillus and its virus T2, DBoth organisms are good
to work with because they grow fast and they can be counted easaily.
On the surface of an sgsar plaute & single bacterium develops into
& colonys Colonies cen be counted 1f they sre not too crowded,

If colonies are Loo crowded they grow In a thin continuous film

on the surfece of the sgore If a bacterial virus or bacteriophage
18 present on this surface it will multiply by lysing the bacteria.
Bacterlophage, like plunt and anlwmel viruses, multliply only in
living cells, A colony of phage ia called a plaque} it appears
like & small hole in the film of bacteria that covers the surface
of the agar.

At first sight the life cycle of & baoteriophage particle
seens slmuple, It zets adsorbed to a bacterium snd after a
characteristio period of time callsed the latent period, which is
21 minutes for T2, the bacterium bursts open releusing several
hundreds of particles ildentical to the one adsorbed at the
beginning. To the salentist interested in the blologlcal prouvlem
of selfl duplication, thls example looks very interesting. ¥where
do these particles come from? How are they formed? In order to
answer these guestions we must see what 18 goling on 1nside the
bactoriun during the latent pericd. It is very hard te belleve
thet & method oun be developsd to take & peep inslde the bacterium
without disturblig thue process of phege formution. Suppose lnstead

we bresk the bacterium belore the sponténaous lysis. This might



show us something ol what 1s going on. Will phage be found? and -2-
in what amount? or wlll some precursor of the phage be set free? and
vhat will be the properties of thls precursor or propaege? Will

1t be revealed by some serologlesl or bLlochemlosl technlgue?

In 1942 at Vanderbilt University, Dr, Delbrilck and Dr. Luris
started dolng experiments following this line ol thinking, The
girricult matter wes to breal the bacteriua without demaging the
phage or whatever was to be found inside, One agent was known
that could do tne job: that agent was the phage 1ltselfl, Suppose a
bacterium is infected with two phages T] and Tp. Tp has a latent
period of 13*%, T5 of 21's The two pheges will start to grow
together but after 13! the progeny of Ty will break the bacterlium open.
#hat will happen to the progeny of Tp? Delbrliek and Luria did this
experiment, and here starts the serlea of unexpected results that
will lsad to the discovery of pecombination, In the bacterla
infectod with 71 and T, nothing happened at 13 minutes; at 21!
the cells burst, but only T, was found in the lysed culture. If
instead of a mixture of T3 and Ty only T, had beon used, the result
would bave been the sawe, Ixplunatlon: 7T, excludea T;. Doth
phages are adsorbed to the same bacterium but only one can grow,

If lnstead of Infecting simultaneously with T and Tp we give an
advantage of L' to T3, meny bacterla will yield T3 but no T,. The
bacterial culture &8 & whole may yleld bLoth phages but each burst
coming from one bacterlum wlill conalst entirecly cither or ¥y or of

Tae This offect was ocalled mutusl exclusion. At that time

Delbruck and Lurla made snotier peculiar obaervation, If a bacterium
was infected with meny phege particles all of the ssme strein, insteed

of only one, the latent perlod und the yleld did not change. This
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lookod as LI asctuelly only one partlicle took part in the growth,.
The principel of mutual oxcluslon could thus be extended to
purticles of the same strain, As soon as one particle aturts
growing In & bacterlum sn unknown reactlon ls aturied that results
in the exclusion of' &ll otaer »articles even 1f they are alroady
adsorbed, Quoting from Delbrfick: "The mutual excluslon effoct

is 80 novel that 1tz explenation calls for a bold hypothesis, We
agsume that the first virus which penctratee the cell wall will meke
- the cell wall impermeablw to other virus particles just as the
fertilization of an egg by one spermatozoon makss the egg membrane
impermeable to other spermatoszon,”

In 164}y Luria found the first mutation in phage Tp. Struin B
of the colon baciltlus, senaitive to T,, can mutate to B/2, reslstunt
to Tz. But T, can\mutate to Toh, which lyses 3/2. Therefore we
have two types of phage Tp and Tph, and two types of bacteria B and
3/2. Tph lyses both bacterisl strains, T, only B and not B/2.

How suppose we plate on B, Tg cannot be dlstingulshed from Tph.

1f we plate on B/2, only Tph will give plaques, Now what will
happen 1f & bacterium of strain B is Infected with Tp and Tph? Will
‘only one type be found in the burst? This was a orucial test for
the theory of mutual exclusion. Luria did some experimentis by
infecting bacteria with & mixture of T2 and Tph, and the results

he got seemed to indicete that every burst ylelds either Tz or Tph.
In point of fact Luriats experiment was indecisive on'thla point,
for ressons we need not go into here,

In 1945 another mutant wes found by Dr. lershey at Washington
University. This mutant waos called r., It gave much lurger plaques

then the wild type r*. This mutant presented the advantage that it
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could be recognired dirsctly on the plate, Hershey was & little
skeptlocal sbout ths yrincipleﬁQrfgelfolntarrerence, s0 he trled
mixed Infection with the »* and r to analyze the burst of aingle
bacteris, In order to do this, he used a8 technigque whiéh had
already been worked out by Delbrfick., After infectlon, he plated
the infscted bacterle before the burste In thiz case each rlaque
on the plete originates framuﬁhn phages coming from onc bacterium,
&8s the burst takes place In the ugur and remains, so to speak,
concentruted at one polint,. If the principle of mutual exclusion
for particles of the aamé strain was correct, &ll tho plaqucs
should have been either r or r*. Uershey had no idea how mixed
plaques would lock: what he was planning to do was to semple
some plagues at random and anelyze the populatlion obtained from
sach plaque, But the answer came right away Jjust by looking at the
firat plate. The plaques wers neither of the r nor the r* type.
They were mottled, r and r* crowing together, give, as you cen see,
a type of plaque very different from either one., The result wegs
Imnediately confimmed by showing that the two types were sctually
prosent in the same plagque, At first Delbrlick was quite surprised
at thls result, muyboe also a little snnoyed, but uas the lsad
looked promising he followed it, Hutusl exclusion had been
demonstrated in & very clear way for morphologically and sero=
logically unrelated streins at Tp and Tpe But what would happen
1f similur stralns were used, for instance Ty and Ty which have
many features in comuon? Uslbriick found thut T, and Tj could grow
together in the same bacterium,

In one experiment Dolbrlick used instead of T, a strain of Tpor.
Th# original experiment of lershey with mixed infected beacteris
could be repeated, not using T,r and Rzr*, but by using Tor and Thr*.



e

’)”

But at this stmge something quite umazing ocourred. The beactorie
infected with Tar and Tyr*, bosides ylelding both infecting
types, ylelded ulso two new types T|r and Tor*. liecombinatlon
in phage had been dlscoverede Not only could two different phages
grow in the same becterium, but they could also recom:bine soue
of their characters. At the C.S.H. Sympe Quant, 3lol. of 146
peloriick snnounced thls result, but the title of his paper was
"Tnduced Hutations in Bactorial Viruces," The following schoeme is
glven in this paper to ropresent the new phoenomenon.

T —— Tyr (Under the influence of Tpr).
It 18 also & genersl princlple in blology that a fomale can
generate offspring with some new character under the good Influence
of the right male, A% the end of his puper Delbriick makes the
following statement: "porhaps one might disputc the propriety
of calling the obscrved changes Induced mutetlon. In some respects
they look wore lilke transfers or even exchanges of genetical
materlale,” At the seme symposiwa, Hershey gave very convinocling
evidence for the Independent ococurrence of h and r mututions in

phage 7 The fleld was {inally open for genetic investigation,

2°
4 btwo fauctor crosa, hr by h*rt, could be attempted, In e private
conversation Hersghey made the prediction that out of this cross he
would obtaln 26% of each of the four types {two perental und 2
recombinant), To wiich Zelbrlick asked: Do you thiink that genes are
in solution?

nrvggn replled ilerashoey.,

"I bet you a dollar,™ saild Delbriick.

Lt thls tlme Delbrilck moved from Vanderbilt Unlverslity to his

noew position at the CGalifornia Institute of Technology and for so:e
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time he dlsseppeared from the story of recombination, ¥e let him go
%o Callfornla whero shortly aftorwards he received a dollar for
his bet, Actually Hershey lozt his bet for some vury special
reasons What he did was to plato the yiéld of his crosa on B/2
vhere only the h could grow, In this way he wanted to sce Il

half of the h were r (parental type) and hulf r* (rocombinant
type)s What he found wes a large excess ol the purentul type but
this reasult was not due $o lack of mixing, dbut to & complex
phenomenon which he dlscovered and called later "phenotyple mixing,"
iiad he done the experiment with the corrsot technique e would have
found &« retlo very close to tho predlcted 268, Together with one
dollar, he would heve gained the notion of genes in solution,

When we speak of orosses between phages two thlings should be
kept well in mind,

1l.) Thé phage psrticles are haplold, or if they are diploid
they ars homogzygous., I make this statement for the sake of
simplicity beceuse Hershey has shown thet 25 of the phuge particles
orizinating rom & oross are hebterogygous for any character for which
the two purents are different, In an amnusl report to the Public
Health Servies in 1950 lershey wrote the following: "Experiments on
the mechanism of genetic recombination heve Leen tomporsrily
abandoned for lack of ldeas," In his 1§5) report, after guoting the
previous stutement, he wrotos "At present we go to tho opposite
extrene." This new hope was based on some very interesting fects
concerning the heteroaygotes. BDut these vory intercsting faots
remain up 50 now unexplained, s&nd the new hope has sgeln fuded away,
Anyhow at the present moment we can ignore the heterovzygotes and

Just consider them some sbnormal form which appears in the progeny
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of crossea with & frequency of 24. The remaining 985 of the
phege puarticles behieve like haplolds,

2.) The other fuct we rust vear in mind 1s the following.
%e are not dealing wlth crosses between Lwo individusl perticles, but
rather botwoen some p&rticias of one streln and some purticles of
another, ¥nat we actuanlly do is to infect & bucterium with something
between 10 and 20 particles of whioh half will be of one type
end hall of the other one, Following random variations “rom the
1l : 1 retlio of adsorbed pertlceles, we huve in the copulstion of
bacberiae many individusls whlich have cdzorbed an excess of efther
one or the other parent, These varlotions cuen boe calouleted,

A crosg can be made betwoeen more thun two parents. Suppose we
have thrce phaege stralns with the [ollowing markers Abc, aBe, abl,
I we infect « bacterium with let us say 5 purbtlcles of each type,
will the type AsC, which hws al least one marker Irom each parcent
appear lIn the progeny? This type ol cross can be called triparental.
Hdershey did this experiuent and found In the yleld recombinants of the
type A3l, Thlie means one of two things:

l.) Either the new phuge 18 formed out of some kind of pool
ol' the parontal characters,

2e) VUr matinge ere possible betwsen parents and recombinants,

Letually whet we ere dolng is to chooee between some completely
new type of recoxblinatlon, probably connected wilih reproduction of the
phuge, and the elsssical wechenlam of recoablnation by meting
between palrs, Soth hypoctheses proposed for the first time by
lersiiey may look yulte appcellng o people working in the flela of
phuge, Sub while the flrsi hypothesis 18 8till rutiher vugue, the

second ong has boen defined in a very slaburate ani complete way on
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the assumption that phage particles mate at random inslde the
bacterium and that before the burst several rounds of aating have
tsken plece, The whole theory of nuting between phage puartlcles
hus been recently developed by Delbrilck for two factor and three
factor, dipsrental and triperental crosses. The two parameters
which are kept constant are the number of rounds of mating taeking
plece inside one bacterium, and the linkage relstion between two
given murkers. Whet can be chenged are the relative rutios of
infecting particles per veclterium and the markers entering into

the cross, The predictions of the theory it very well with the
exporimnentel results sc fur obiaineds This does not mean that
other thoories may not glve proedictlions equally pgood, To oxplain the
lmplicatlons of tho muting theory le¢t us nake an anclogy. 3uppose
we have two genetically different stralns of Drosopihila ol which

we pub ten flles of each type (5 meles and 5 females) in a vial,

For some unknowi reeason we cannot open the vial for u lon- perlod
of tlme, let us say 2 wmonthe, unbtll the flles have uscd &ll the
food presond in the visl, Let us suppose ulso that &bt this xoment
the viael bursts open and the progeny set I'mee can ve finally
examined and clussiflled genvtlicelly. Assuming random matlng and
absence of selectlon we ocun celculate the nusber of generutions

from the frequency of recozbination for unlinked characters, end
knowing the number of genoratlons we cen calculate the linkage
value per generation for characters situuted on the Sa1e CHTOMOSOMGC.
The phupge particles caen be cowpared to the flies, the bacturlum

%o bhe vial, und the latent period of 20 minutes to the hypothetical
perlod ol two monthis. As I sald before the caleculatlon of the

nunber of wabtings is based on the lmowledge that sowe of the clhisructers
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are unlinked, Thls fact had not been clearly dexmonstrated for

phase, Herahey had found three linkage groups each of which

showsd L0% recombination with the other two, As higher values had
not boen obtalined, thess groups were consldered to be unlinked, This
meant in the terms of the nuting theory that since the number of
matings was limited we never errived at tho ocomplete broakdown of

the parental combinations. T clarify this point Hershey snd I
started last year to do some sxperiments which gave a clear
demonstration of the validity of lendel's laws Tor bacteriophagc,.
Segrepgation between unlinked markers shoulidl be 1 : 1 as a result of the
mating between two different particles, Suppose we heve the following
strains Abc and aBC., Let us choose among the progeny & clsss of
recoubinents for A and 3, Tor instunce AJd. Kvery phage particle AB
must heve mated at least once with the opposite parent. 4hat will
then be the ratio of Cic in the class AB? The ratio was found to

be 1:1. This finding can be considersd proof of unliniked characters,
In order Lo obtain this result the bacterla rmust be Infected with the
same number of particles for the two perental types, If this ratio

is unequal, the results are quite different, It was for the

purpose of analyzing these results that Delbriflick started his work on

the theory of successive matings,
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Mutations can be defined as heritable changes 1ln the actlon
of genes, What we observe are alterations of structure or -
funectlon in an aorgenism, We refer these chsnges to genes when
mutation or recombinstion tests show that the change has
originated in a unitary structure, Ve can now say that some
characters in bacterial virusés depend on gene action, We have
seen 1h our brlef review how thls evidencs a5 been lmposed by
new facts successively disproving all previous hypotiieses,

Only ten years agd the expression "neked gene" waz used for
viruses, Now we can say that from the genetlical viewpoint T2
Is just ae complex as any obher organism., Moreover, all facts
known st present can be explained iIn the framework ol classical
genetics,

The discovery of resconbinetion In bacteria follows &
different pattern, Recombinatlion was not found, but wus looked
for, It is also hard to conceclve how it could have been found
without looking specifically for it. In 1945 Dr, Tatum at
Stanford Unlversity published & paper on induced mutetions in the
colon bacillus, The wild type of the colon bacillus can be grown
In a synthetlec medium contalning gluéoae and inorganlic salts,

In a population of these bacteria grown in complete medium, for
instence broth, some rare individuals may be found wiich need
speciflic additions in order to grow in synthetic medium. iany
of theae growth factors turn out to be single well defined
chemlcal substences such as amlnoacids or vitamins that the

bacterium can normally synthesize. These metabolic changes
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are heritable, Tatum found that the frequency of nutritionally
exacting cells was increased in populstions that had been

exposed to Xe-rays, This suggested that the changes 1in the

colon bacillus might be similar to mutations in higher organlsms,
Moreover, a variant requlring one growth factor could yleld

further variants with double requirements, suggesting the
independence of the several changes. This was the only kind of
evidence, which could be obtalned at that time, pointing to

the mutational nature of the changed requirement., It was suﬁely
sn important advance in bacterial geneties, but definitoc proof

for the existence of genes in bacterla could only be given by

the recombinatlon test, The clussleel work of Becadle and Tatum

in the biochemical genetics of Neurospors had shown that altered
nutritional regquirements in this organisn resulted from mutetions
of Mendellan genes, Already at that tliie Tatun's purpose aof

going after nutritional variants in bacteria wes to test the
posslibility of recombination. The strain of coll used by Tatum was
called K 12, It sad been chosen for sume previous bilochemical work
a8 8 good producer of Indole, Miss Lsther Zimmsr helped Dr, Tatum
to lsolate from K 12 varlants with double nutritional requirements,
As we will see later both ¥ 12 and Mlss Zlmmer became very important
in the life of & young medical student at Columbis University--

Mr, Lederberg, In 1945-46 Lederberz was working for hls thesis

on selection of prototroph reversions in Neurospéra, Thie gave
him the ldea of applying the same test to bacteria. Suppose a

wild type prototroph strain mutates to A, requiring growth factor

A, By a single step back mutation A~ can revert to wild type.
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This second mutation osn be convenliently studlied as the mutated
type iz selected for by pleting a certaln amount of A™ cells

on synthetio medium., Only the cells mutated to prototrophiam

will be able to groﬁ. Rare prototrophs can thusz be easlly detected
in & bacterisl population. But rare prototrophs, other than by
mutation, could also arlse by some other rare event &s recombination,
provided recomoinstion occurred and the right mixture of bacterial
strains was used, Suppose we mix two strains of bacteria A B”

end A™33 three differcent events can lcad to the rovmationlof [
prototroph: mﬁtation of the first straln to B, mutation of the
second strain to A and recombination, The mutation rates of the
two streins cen be measured by separate plating, Ledsrberg wrote
to Taturn about this iden and when Tautum received this letter from a
student suggesting the sane 1dea he hsd 1n mind, he thought the
best thing to do waa to invite this student to work with him on

the project. In March 1946 Lederberg went on & fellowshilp to Vale.
After three months, at the C,3,l,5,, the sasme one at which Delbruci
gave the firat evidence for recombination in phage; Tatum and
Lederberg delivered é papor with the title "Novel gonotypes in
mixed cultures of blochamical mutants of bacterla.® 3y using
multiple mutants, requiring at least two growth factors, proto=-
trophs due to back mutation were pracﬁically redusced to zero, while
when plating the mixture of the two parents In synthetlc medium,
prototrophs weres detected In a proportion of the order of 10'7.

But the definite proof for recombination was given later by
Lederberg in 1947. By using additlonal markers full evidence was
obtained that what segregates 1s the locus and not the character,
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The oclasaioal crosses with characters in coupling and repulsion
could be repeated with bacteria, Quoting from Lederberg: "The
prototroph provides the putatively sexusl progeny which can be
surveyed for factor recombination. It must be emphasiged that
the demonstrution of recombination does not reat directly upon
mere obsorvation of prototrophs, but upon the occurrence of
serles of new combinations of unsclected markers introduced with
the nutritionally differentiated parents,"

The choloe of Ky» was an extraordinary lucky one, as very

few strains of the colon bacillus proved later to be sexual,

After such a fortunste beginning Lederberg was compelled to
abandon medical school and to devotoe himself to the study of Kjj.
In doing this he was helped by kiss Zimmer, who had been the firsat
to 1solate the double mutants, and who becaue his wife and his
c¢losest collaborator,

The story of sclence 1z a story of men with aom& ideas about
natural phenomena. Two kinds of emotlons are reserved to these
men: the surprise of finding something very different rom what
they thought and the pleasure of confimming theirlcwn hypotheslis,
%e have seen how following these two different patterms the
gencral phenomenon of genoticsl recombination was discovered in two

different clusses of microorganisms: the viruses and the bacteria,.



